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INTRODUCTION

Metal pollution in aquatic ecosystems has 
emerged as a global environmental issue due to 
its ecological and human health impacts (Kumari 
and Kumar Maiti, 2019). Metal sources could be 
natural, such as the geology characteristics and 
volcanic activities, or anthropogenic sources such 
as agricultural and industrial activities, mining, 
as well as wastewater treatment works (Sharma 
et al., 2024; Madhav et al., 2020). In aquatic en-
vironments, metals sink to the bottom sediment 
and transfer back to the water column as the con-
ditions become favorable, e.g. decrease in pH, a 
change in temperature, or disturbance of the bot-
tom substrates (Zhao et al., 2024). It is therefore 

imperative to explore the degree of metal con-
tamination in the water bodies that are receiving 
effluents from anthropogenic activities, to ensure 
the sustainability and conservation of inhabitant 
biota. Metals have become a threat to aquatic 
ecosystems due to their persistence, toxicity, and 
the capacity to accumulate in aquatic organisms 
(Saeed et al., 2020). Some metals biomagnify up 
the food chain, resulting in a lethal dose in top 
predators (Ali and Khan, 2019). 

In aquatic systems, fish are among the top 
predators, and they can accumulate metals with-
in their organs (Islam et al., 2015a). As a result, 
fish are regarded as valuable bioindicators of 
metal contamination of aquatic ecosystems. De-
spite their importance as bioindicators, fish are 
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regarded as an affordable protein supplement, 
particularly in communities residing near water 
bodies. According to Hao et al. (2024), consum-
ing high-quality fish has health benefits, includ-
ing reduced hypertension, diabetes, and coronary 
heart diseases, as well as promoting healthy brain 
development in humans. However, consumption 
of the fish from a polluted water body can serve 
as a route of metal exposure to higher predators, 
such as humans. Metals pose significant health 
risks to humans, including neurological disor-
ders, renal and reproductive issues, particularly 
from toxic metals such as antimony (Sb), arsenic 
(As), cadmium (Cd), and lead (Pb), which are 
harmful even at low concentrations (Adegbola 
et al., 2021). Other essential metals, such as iron 
(Fe), manganese (Mn), copper (Cu), and zinc 
(Zn), although beneficial in moderate levels, can 
adversely affect human health when consumed in 
excess (Zhong et al., 2018). Heath et al. (2004) 
and Oladimeji et al. (2024) emphasized that met-
als such as Sb, As, Cd, Cr, Fe, Mn, Pb, selenium 
(Se), and strontium (Sr) have resulted in the de-
velopment of fish advisories for the areas im-
pacted by industrial and domestic wastewater ef-
fluents. Wastewater effluents are known for their 
high metal concentration (Berhanu et al., 2024; 
Mehnaz et al., 2023), making the consumption of 
the fish from water bodies impacted by wastewa-
ter effluents a cause for concern. 

Most developing countries are characterized 
by economically disadvantaged communities, 
and those residing near rivers often opt for fish 
for dietary protein. However, the recent pollution 
trend in these rivers has resulted in uncertainties 
regarding the safety of consuming fish from po-
tentially contaminated water bodies. The uMlazi 
River is located in KwaZulu-Natal province in 
South Africa. The river drains a catchment char-
acterized by negligible agricultural activities and 
wastewater works. Studies showed that the water 
bodies receiving effluents from wastewater works 
are susceptible to metal contamination, which 
also affects the health of inhabitant biota (Naz et 
al., 2025; Darko et al., 2016). Despite the Shon-
gweni Dam receiving effluents from a wastewater 
plant upstream, the metal contamination ecologi-
cal risk is scarcely explored. Therefore, this study 
explored metal contamination and assessed eco-
logical risks using relevant indices.

 Moreover, the Shongweni Dam is home to 
numerous fish species, including Oreochromis 
mossambicus and Coptodon rendalli, which are 

preferred by local communities for protein sup-
plements (DWS, 2002). The present study has 
therefore, aimed to assess the ecological and hu-
man health risks associated with metal contamina-
tion in the Shongweni Dam, in South Africa. The 
objectives included: (1) measuring metal concen-
tration in the water and sediment, and quantify-
ing the degree of contamination using different 
indices, and (2) measuring metal concentrations 
in the muscle of O. mossambicus and C. rendalli, 
and assess their edibility using a US-EPA (2000) 
desktop protocol. It was hypothesized that sedi-
ment would exhibit high metal contamination, 
with higher concentrations during the dry season. 
It was also hypothesized that the two fish species 
would not be safe for human consumption. The 
findings of the present study provide an insight 
into the dynamics of metal contamination and be-
havior in rivers impacted by wastewater effluents, 
which could be of particular importance for resto-
ration strategies and public health.

MATERIALS AND METHODS

Study area

The Shongweni Dam (29°51’24.984”S, 
30°43’19.992”E) is an impoundment on the uM-
lazi River in KwaZulu-Natal province, South Af-
rica. The dam serves as a repository for contami-
nants from the upper uMlazi River catchment be-
fore the river empties into the Indian Ocean. The 
catchment is characterized by negligible agricul-
tural activities, and wastewater treatment work 
(Graham et al., 1998). 

Metal analysis

Sampling surveys were conducted during dry 
(July–August) and wet seasons (November and 
December) in 2021. Physicochemical parameters, 
including pH, dissolved oxygen (%), water tem-
perature (℃), total dissolved solids (TDS), and 
electrical conductivity, were measured at each 
sampling point, inflow, middle, and dam wall us-
ing a HANNA multi-parameter (Model: HI98494). 
Water samples were also collected at 0.5 m depth 
using acid-pretreated 1-liter polyethylene bottles 
at each sampling point, whereas sediment was col-
lected using a Van Veen grab, stored in acid-pre-
treated 1-liter polyethylene bottles. For both water 
and sediment, samples were collected in triplicate 
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at each site to form a composite. The samples 
were stored in a cooler box during transportation 
and later transferred to a fridge until analysis.

Water and sediment samples were processed 
and analyzed following the protocol described 
in Lebepe et al. (2024), Misra et al. (2024), and 
Hlatshwayo et al. (2024). In brief, the water sam-
ples were acidified and filtered through a 0.45 µm 
membrane, whereas sediment was oven-dried at 
110 °C for 48 hours. Approximately 0.2 g of the 
dried sediment was crushed into a fine powder 
using a mortar and pestle, then placed in a 200 
ml beaker and digested with aqua regia, 3-hydro-
chloric acid, and 1-nitric acid (3HCL:1NHO3). 
The solution was filtered and diluted to 150 ml 
with distilled water. All chemicals used for sam-
ple digestion were of analytical grade supplied 
by Merck. Metals, i.e., As, Sb, Cd, Cr, Fe, Mn, 
Pb, Se, and Sr in the water and sediment samples 
were analyzed using Inductively Coupled Plasma 
Optical Emission Spectroscopy (ICP-OES) (Per-
kin Elmer, Optima 2100DV). Blank and certified 
reference materials supplied by Merck were used 
for quality control. The recovery ranged from 93 
to 105% (Figure 1). 

Metal pollution indices

Contamination factor 

The contamination factor (CF) is the ratio of 
the metal concentration in sediment to the back-
ground concentration, and it was calculated using 
equation 1 as per Hakanson (1980).
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The background concentration from Tureki-
an and Wedepohl (1961) was used. The classi-
fication categories described by El-Amier et al. 
(2017) were used to classify the contamination 
factor, which ranged from < 1 for low contami-
nation factor to ≥ 6 for very high contamination 
factor (Appendix A).

Enrichment factor

The enrichment factor is a tool to investigate 
metal increases in the environment. Metals such 
as Al and Fe are commonly used as conservation 
elements, since they are not easily affected by 
weathering and their concentrations are stable. 
Therefore, the enrichment is calculated by com-
paring the concentrations of evaluated metals 

with those of the conservation elements. In the 
present study, Fe was used as the conservation 
metal, and the EF was calculated following Tu-
rekian and Wedepohl (1961) using equation 2.
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where:	Cn – is the concentration of the metal of 
concern in the sample, CFe – is the con-
centration of Fe in the sample, Bn – is the 
background concentration of the metal of 
concern, and Bfe – is the background con-
centration of Fe. 

The background concentrations used were: As 
= 9.21, Cu = 21, Fe = 47200, Pb = 5 (Turekian 
and Wedepohl, 1961), Sb = 8.6 (Dinake et al., 
2022), Mn = 445 (Franchini et al., 2024), Sr = 441 
(Zhang et al., 2024). The enrichment factor was 
classified as per Turekian and Wedepohl (1961) 
(Appendix A)

Geoaccumulation index

The geoaccumulation index (Igeo) determines 
the pollution level for each metal of interest and 
is described as the ratio of metal concentration in 
the sample to the background concentration exist-
ing in a natural environment (Turekian and Wede-
pohl, 1961; Custodio et al., 2024). The index was 
calculated using equation 3 as per Turekian and 
Wedepohl (1961).
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where:	Cn – is the concentration of metal in sedi-
ment, 1.5 – is the coefficient for minimiz-
ing the impact of the background concen-
tration due to lithological variation, Bn – 
is the background concentration existing 
in a natural environment. 

Muller (1969) classification categories, as 
described by Addo-Bediako et al. (2021), were 
used to categorize pollution level, which ranged 
from 0 for unpolluted to ≥ 5 for extremely pol-
luted (Appendix A).

Pollution load index and degree of contamination

The pollution load index (PLI) determines the 
extent of sediment pollution by metals and their 
environmental impact (Custodio et al., 2024). 
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This index was calculated using equation 4 as per 
Tomlinson et al. (1980).

	 PLI = (CF1 × CF2 × CF3... CFn) 
1/n	 (4)

where:	CFn – is the contamination factor for each 
metal. The PLI of < 1 denotes an unpol-
luted site, whereas PLI >1 denotes a pol-
luted site. The sum of CF, which is the 
contamination degree (Cd) was calculated 
as per Hakanson (1980) using Equation 5.
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where:	CF – is the contamination factor.

Ecological risk assessment

The potential ecological risk index (RI) is 
used to assess the overall degree of contamina-
tion or ecological risk of metals in sediment. It 
is described as the sum of ecological risk factors 
(Er) for each metal of interest. The Er is calculated 

using the toxicity coefficient and CF of each 
metal (Equation 6). The toxicity coefficients used 
for this study were 7, 10, 30, 5, 1, 1, 5 and 5 for 
Sb, As, Cd, Cu, Fe, Mn, Pb and Sr, respectively 
(Hakanson, 1980; Devanesan et al., 2017; Wang 
et al., 2018). RI was calculated using Equation 7.
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where:	Tr is the toxicity coefficient, CF is the 
contamination factor for each metal, Er is 
the ecological risk factor for each metal, 
and RI is the potential ecological risk in-
dex for the water body.

Fish sampling and processing

Two fish species, O. mossambicus (n = 16) 
and C. rendalli (n = 14) were collected from the 

Figure 1. The uMlazi River catchment showing the Shongweni Dam. Credit to QGIS Development Team (2023)
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Shongweni Dam during dry and wet seasons us-
ing an electro-shocker and gill nets. Fish were 
weighed, their lengths measured and then eutha-
nized as per CCAC (2005) by severing the spinal 
cord. Fish were opened for health assessment and 
a muscle sample was cut out, wrapped with foil 
and stored in dry ice in a cooler box. The mus-
cle sample was later transferred into a fridge and 
stored until metal analyses.

Metal analysis in fish muscle

Fish muscle was digested following the pro-
tocol described in Lebepe et al. (2024), Misra 
et al. (2024), and Hlatshwayo et al. (2024). In 
brief, approximately 0.2 g of muscle was oven-
dried and digested using an Aqua regia solu-
tion (3HCl:1HNO3). The solution was filtered 
and made to the 100 ml mark using distilled 
water and kept in the fridge until analysis. Met-
als, i.e., As, Sb, Cd, Cr, Fe, Mn, Pb, Se, and 
Sr, were analyzed using ICP-OES. The analysis 
was carried out with the sediment samples with 
blanks, and certified reference materials for 
quality control.

Non-carcinogenic and 			
carcinogenic risk assessment 

A risk assessment on human health was car-
ried out by calculating the total hazard quotient 
(THQ) using the desktop approach developed 
by the United States Environmental Protection 
Agency (US-EPA, 2000). This was calculated 
based on the estimation that an adult weighing 
70 kg consumes 0.15 kg of fish muscle portion 
once per week. For non-carcinogenic risk, THQ 
was calculated using Equation 8, and Equation 9 
was used to calculate carcinogenic cancer (CR) 
health risks.

	

𝐶𝐶𝐶𝐶 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 

 

 

 

 
 

PLI = (CF1 × CF2 × CF3... CFn) 1/n 

 

 
 

 
 

 
 

𝑇𝑇𝑇𝑇𝑇𝑇 =  𝐶𝐶× 𝐼𝐼𝐼𝐼𝐼𝐼× 𝐸𝐸𝐸𝐸× 𝐸𝐸𝐸𝐸
𝑅𝑅𝑅𝑅𝑅𝑅× 𝐵𝐵𝐵𝐵×𝐴𝐴𝐴𝐴     

 

𝐶𝐶𝐶𝐶 =  𝐶𝐶 × 𝐼𝐼𝐼𝐼𝐼𝐼 × 𝐸𝐸𝐸𝐸 × 𝐸𝐸𝐸𝐸 × 𝑂𝑂𝑂𝑂𝑂𝑂
𝑅𝑅𝑅𝑅𝑅𝑅 × 𝐵𝐵𝐵𝐵 × 𝐴𝐴𝐴𝐴  

	 (8)

	

𝐶𝐶𝐶𝐶 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 

 

 

 

 
 

PLI = (CF1 × CF2 × CF3... CFn) 1/n 

 

 
 

 
 

 
 

𝑇𝑇𝑇𝑇𝑇𝑇 =  𝐶𝐶× 𝐼𝐼𝐼𝐼𝐼𝐼× 𝐸𝐸𝐸𝐸× 𝐸𝐸𝐸𝐸
𝑅𝑅𝑅𝑅𝑅𝑅× 𝐵𝐵𝐵𝐵×𝐴𝐴𝐴𝐴     
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In the targeted tissue, C represents the metal 
level (mg/kg, ww), IRF is the fish consumption 
rate (150 g), EF is the exposure frequency (365 
days per year), and ED is the duration of expo-
sure (30 years for non-cancer risk). The RfD rep-
resents the oral reference dose (mg kg/day). The 
RfD levels published by the US-EPA (2013) and 

Ashraf et al. (2012) were used. BW is the body 
weight (70 kg), and the average time of assess-
ment is abbreviated as AT (70 years ·365 days per 
year). THQ exceeding 1 indicates possible risk, 
whereas < 1 denotes a minimal or almost negli-
gible human health risk (Heath et al., 2004). The 
oral slope factor (OSF), representing the risk per 
unit exposure (mg/kg/day), is sourced from the 
Integrated Risk Information System for carcino-
genic metals As (1.5), Cd (15), Cr (0.5), and Pb 
(8.5 × 10-3) (US-EPA, 2013).

Carcinogenic risk refers to the likelihood of an 
individual developing cancer over a lifetime due to 
exposure to a potential carcinogen (Zhong et al., 
2018; Ullah et al., 2017), and the maximum accept-
able index range is 10-4 and 10-6 (US-EPA, 2013). 

Data analysis

Statistical analyses were carried out using 
R-3.1.1 statistical software (R Development Core 
Team). Normality was tested with a Shapiro-Wilk 
test, and homogeneity of variance was tested with 
Levene’s test. The Mann-Whitney U test was em-
ployed to compare physical parameters and metal 
concentrations in the water and sediment, as well as 
health indices between seasons. To assess whether 
the metal concentrations in the fish muscle varied 
between fish species and seasons, an independent 
sample t-test or Mann-Whitney U test was used. 
Data were statistically significant at p < 0.05. Non-
metric multidimensional scaling (NMDS) (Clarke 
and Warwick, 2001) was performed to visualize 
the metal concentrations in fish muscle from the 
impoundments and species. Pearson and/or Spear-
man’s correlation test was employed to assess the 
relationship between fish length and metal accu-
mulation, and inter-metal relationships. The beta-
disper and Adonis functions in VEGAN were used 
for multivariate dispersion and analysis (MANO-
VA) (Anderson 2001a, 2001b).

RESULTS

Metal pollution in sediment and ecological 
risk assessment

The physical parameters and metal levels in 
the surface water are presented in Table 1. The 
pH ranged from neutral to alkaline throughout the 
study, and no seasonal variation was observed (p > 
0.05). However, seasonal variations were observed 
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for TDS (p < 0.05) and EC (p < 0.05), with higher 
levels being observed during the dry season. Arse-
nic, Cd, and Cu were generally below detection lev-
els, with notable concentrations being observed for 
Sb, Fe, Pb, Se, and Sr in the water column (Table1). 
In contrast, metals exhibited significant concentra-
tions in sediment except for Se, which was below 
the detection level (Table 1). The mean metal con-
centration in sediment followed a descending or-
der: Fe > Mn > Cu > Sr > Pb > As > Sb > Cd > 
Se (Table 1). Moreover, the dry season exhibited 
higher metal concentrations compared to the wet 
season. Metal concentrations were relatively low 
in the water, hence, the MPI of 0.03 was observed 
compared to 178.57 of the bottom sediment.

Metal contamination indices, EF, CF, and Igeo 
were generally higher during the dry season com-
pared to the wet season (Table 2). Pb, Cu, Mn, 
and Fe were the main drivers of the contamination 

indices observed during both seasons. Moreover, 
the degree of contamination was found to be 
18.96 and 14.69 during dry and wet seasons, re-
spectively. Coinciding with the trend observed on 
the aforementioned indices, RI was found to be 
higher during the dry season (7779.06), compared 
to the wet season (1552.99). 

Metal concentration in the muscle tissue 	
of the two species

Cadmium was below the detection limit for 
O. mossambicus, whereas a notable concentration 
was observed for C. rendalli (Table 3). No signifi-
cant differences were observed for Sb (W = 61.5, 
p > 0.05), Pb (W = 118, p > 0.05), Sr (W = 77.5, 
p > 0.05), and Se (W = 72, p > 0.05) between spe-
cies. However, Fe (W = 177, p < 0.05) and Cr (W 
= 210, p < 0.05) showed a significant difference 

Table 1. Physical parameters and metal concentrations (mean ± stdev) observed in the water and sediment during 
dry and wet seasons in 2021. Water SI units are in mg/l unless specified otherwise, whereas sediment is in mg/kg dw 

Parameter
Surface water

Dry Wet Guidelines

Temperature (℃) 19.42±0.88 20.28±0.18 -

DO (%) 63.07±9.03 56.63±6.25 -

pH 7.91±0.22 8.19±0.14 6.0–9.0 CCME (2012)

TDS 287.67±11.55 166.00±4.36 1000 Scannell and Jacobs 
(2001)

EC (μS/cm) 572.33±19.63 337±1 -

Antimony 0.001 0.001 -

Arsenic <0.001 0.001 0.005 CCME (2012)

Cadmium <0.001 <0.001 0.0004 DWAF (1996)

Copper <0.010 <0.010 0.0014 DWAF (1996)

Iron 1.33 0.15 0.3 CCME (2012)

Lead 0.108 0.07 0.00012 DWAF (1996)

Manganese 0.097 <0.025 0.18 DWAF (1996)

Selenium 0.005 0.002 0.001 CCME (2012)

Strontium 0.076 0.07 -

Sediment

Antimony 9.33±1.85 0.733±0.46 -

Arsenic 19.67±3.21 10.4±8.21 5.9 CCME (2001)

Cadmium 1 <0.001 0.6 CCME (2001)

Copper 470±177.39 185.6±138.24 37.5 CCME (2001)

Iron 171000±28.59 99733.33±62.14 -

Manganese 5333±71.59 2805.67±58.16 300 Onjefu et al. (2016)

Lead 151±40.58 72±56.15 35 MacDonald et al. (2000)

Selenium <0.001 <0.001 -

Strontium 204±85.66 88.2±65.48 -

Note: Bold = exceeded the guidelines.
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between species, with C. rendalli exhibiting rela-
tively higher concentrations (Table 3). Arsenic 
showed no significant difference between spe-
cies (W = 100, p > 0.05), whereas a significant 
difference was observed for Mn between species 
(W = 30, p < 0.05), with C. rendalli exhibiting 
higher concentrations (Table 3). Nevertheless, 
non-metric multidimensional scaling showed a 
clear separation between species (MANOVA, p 
< 0.001) (Figure 2). Moreover, dispersion results 
showed a significant difference (Permidisp, p < 
0.05) with average distances to median being 0.91 
for C. rendalli and 0.65 for O. mossambicus. The 
metal pollution index exhibited a notable value 
for both species. However, no significant differ-
ence was observed for MPI between species (t = 
1.08, p > 0.05), with a mean of 1.55 and 1.81 be-
ing observed for C. rendalli and O. mossambicus, 
respectively. Moreover, fish size showed a poor 
association with the MPI (r = -0.17, p > 0.05).

Non-carcinogenic and carcinogenic risk 
assessment

The non-carcinogenic THQs are presented in 
Table 4. Chromium and Pb exhibited THQs of > 1 
for both populations (Table 4). Coptodon rendalli 
mean THQs followed a descending order: Pb > Cr 
> As > Sb > Fe > Se > Mn > Sr > Cd, whereas O. 
mossambicus exhibited: Pb > Cr > As > Sb > Fe 
> Se > Sr > Mn > Cd. Chromium and Pb showed 
THQ > 1 for 100% of the sampled C. rendalli and 
O. mossambicus populations, whereas As exhib-
ited THQ > 0.5 for both species (Table 3). Worth 
noting are the Sb and Fe, which have exhibited 
THQs of 0.2 for both species. Carcinogenic risk 
assessment was carried out for As, Cd, Cr, and Pb, 
as the slope factor is not readily available for other 
metals. The CR for O. mossambicus were 7.84 × 

10-1, 9.95 × 10-1, 1.47 × 10-1, and 0 for As, Cr, Pb, 
and Cd, respectively, whereas C. rendalli e×hibited 
the CR values of 8.89 × 10-1 for As, 3.87 × 10-3 for 
Cd, 1.55 × 10-1 for Cr, and 5.59 × 10-1 for Pb.

DISCUSSION

Metal contamination and ecological risk 
assessment

Physical water parameters are known to influ-
ence the dynamics of chemical contaminants in 
aquatic ecosystems. The pH is known to be the 
key driver of metal bioavailability in freshwater 
environments. Moreover, TDS correlates positive-
ly with EC, which also affects the water pH (Islam 
et al., 2017). In the present study, the pH was with-
in the CCME (2012) guideline for aquatic eco-
systems. The pH can be influenced by biological 
activities, geology, and runoffs from the Earth’s 
surface (Omarjee et al., 2021). Nevertheless, the 
anthropogenic activities in the uMlazi River catch-
ment have not significantly affected the water pH. 

Table 2. Metal contamination indices observed during dry and wet seasons in the Shongweni Dam in 2021

Metals
Enrichment factor Contamination factor Geoaccumulation index

Dry Wet Dry Wet Dry Wet

Antimony 0.28 0.04 1.01 0.09 -0.59 -4.29

Arsenic 0.59 0.53 2.12 1.13 0.49 -0.67

Cadmium 0.01 - 0.02 - -5.50 -

Copper 6.18 4.18 22.40 8.84 3.84 2.44

Fe 1.00 1.00 3.62 2.11 1.27 0.49

Manganese 3.31 2.98 11.98 6.30 3.00 2.07

Lead 8.36 6.78 30.30 14.33 4.30 3.25

Strontium 0.23 0.17 0.85 0.37 -0.91 -2.30

Table 4. Target hazard quotient for trace metals found in 
the muscle tissue of Coptodon rendalli and Oreochro-
mis mossambicus from the Shongweni Dam in 2021

Metals C. rendalli O. mossambicus

Sb 0.483±0.318 0.262±0.298

As 0.592±0.180 0.522±0.225

Cd - -

Cr 11.900±2.457 1.990±0.576

Fe 0.257±0.065 0.194±0.034

Mn 0.022±0.021 0.005±0.009

Pb 18.332±4.103 17.263±4.116

Se 0.076±0.042 0.142±0.114

Sr 0.009±0.005 0.011±0.002
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Arsenic, Cu, Mn and Pb in sediment exceeded 
the guidelines (Table 1) for aquatic ecosystems 
(CCME, 2001; Onjefu et al., 2016; MacDonald 
et al., 2000). Moreover, Mn showed moderate, 
whereas Cu, and Pb exhibited significant enrich-
ment factor as per Barbieri (2016) (Appendix A). 
Similarly, Cu, Mn and Pb showed a CF > 6, which 
signifies a very high contamination, whereas Sb, 
As, and Fe showed moderate contamination as per 
Weissmannová and Pavlovský (2017). Cu, Mn and 
Pb Igeo showed moderately to heavily contaminat-
ed, whereas MPI was > 1 for both dry (3.32) and 
wet (1.66) seasons. The concentrations of Cu, Mn, 
and Pb are showing to be a cause for concern in this 
dam, and the risks seem to be high during the dry 
season. The contamination degree has exhibited a 

Table 3. Metal concentrations (mg/kg dry wt; mean ± standard deviation) in the tilapia fish species collected from 
the Shongweni Dam in 2021 and the permissible limits

Metals C. rendalli O. mossambicus Permissible limits

Sb 0.139±0.046 0.114±0.038 1.5 (FAO, 1983)

As 0.104±0.009 0.100±0.007 2 (JECFA, 2002)

Cd 0.002±0.001 ND 0.17 (FAO, 1983)

Cr 19.756±4.059 3.250±0.941 2 (MOHSAC, 2006)

Fe 98.145±23.924 73.921±12.941 333.30 (Mokhtar et al., 2009)

Mn 2.899±0.899 1.435±0.433 3.52 (IAEA, 2003)

Pb 0.538±0.163 0.536±0.128 0.02 (FAO, 2003)

Se 0.208±0.120 0.386±0.311 1 (MOHSAC, 2006)

Sr 2.654±1.687 3.479±0.703 -

Note: ND: not detected, Bold: concentrations exceeding the guidelines.

Figure 2. Non-metric multidimensional scaling presenting metal concentrations with seasons and between 
species (Oreochromis mossambicus, low flow (γ) and high flow (■); Coptodon rendalli (∆) and high flow (▲)

Similarly, TDS was also within Scannell and Ja-
cobs (2001) guideline, whereas EC was within the 
USEPA (2025) range of 150–500 µS/cm, which 
optimally supports freshwater ecosystems. The 
runoffs and wastewater effluents are some of the 
key drivers of TDS and EC in aquatic ecosystems 
(Rameshkumar et al., 2019), However, the water 
from Shongweni Dam has not suffered a signifi-
cant impact with regard to TDS and EC.

In contrast, metals exhibited notable concen-
tration in the water column except for As, Cd, and 
Cu. Moreover, Fe and Pb in the water exceeded 
CCME (2012) and DWAF (1996) guidelines for 
aquatic ecosystems. However, relatively higher 
concentrations were observed in the sediment, ex-
cept for Se, which was below the detection level. 
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very high to extremely high contamination, where-
as the RI was very high (Liao et al., 2022).

The observed contamination indices and RI 
were higher than those observed in urban riverine 
sediment (Zheng et al., 2024) and in a river im-
pacted by industrial activities (Kolawole Tesleem 
et al., 2018). According to Wang et al. (2018), 
metal threat could be influenced by its behav-
ior and affinity to the receiving end. Therefore, 
different metals may have different effects even 
when they occur in similar concentrations.

In aquatic ecosystems, metals may sink to the 
bottom sediment or remain dissolved in the water 
column depending on factors such as pH, salinity, 
temperature, etc. (Custodio et al., 2024). In alkaline 
pH, metals tend to precipitate and sink to the bot-
tom sediment (Zhao et al., 2024), hence, high con-
centrations in sediment are expected in alkaline pH 
waters. According to Rzetala (2015), the ability of 
the sediment to adsorb metals makes it a potential 
source of metals even in the situations where the 
discharge of effluents has stopped. In the present 
study, the RI of metal contamination is extremely 
high, which compromises its potential to provide 
ecosystem services such as water for drinking and 
fish for consumption to local communities.

Metal concentrations in fish

Fish inhabiting metal-contaminated water 
bodies were found to accumulate metals within 
their tissues. The dynamics of bioaccumulation 
are governed by factors such as pH, salinity, tem-
perature, the chemical properties of metals, and 
of particular interest, species and feeding habits 
(Khan et al., 2023; Yi and Zhang, 2012). In the 
present study, the two species occupy the same 
trophic level, and their potential to accumulate 
metals is likely to be the same. The two species 
showed notable concentrations of Sb, Fe, Cr, As, 
Pb, Cd, Mn, Se, and Sr, with Cr, Fe, and Mn even 
showing a significant difference between the two 
species (Table 2). 

Sb, As, and Cd were below the FAO (1983), 
MOHSAC (2006), and FAO (1983) permissible 
limits, respectively, for both species (Table 2). 
The Sb concentrations observed for both species 
corroborate those reported by Lebepe et al. (2024) 
and are lower than those reported by Jooste et al. 
(2015) in polluted water bodies, whereas As con-
centrations observed corroborated those reported 
at the Inanda and Nagle Dam populations (Misra 
et al., 2024). Moreover, the As concentrations 

observed in the present study were relatively low-
er than those reported for freshwater fish from the 
Olifants River and Mohammadpur Dam (Ullah et 
al., 2017; Addo-Bediako et al., 2014; Lynch et al., 
2016a). Cd concentration was below the detec-
tion level for O. mossambicus, whereas a notable 
concentration was recorded for C. rendalli. The 
Cd concentration for C. rendalli was comparable 
to those observed in freshwater fish from polluted 
water bodies (Adegbola et al., 2021; Mannzhi et 
al., 2021). In contrast, Cd concentration in C. ren-
dalli was lower than that observed for C. gariepi-
nus and higher than that observed for O. mossam-
bicus reported by Ullah et al. (2017). 

Coinciding the Cd trend, Cr exhibited rela-
tively higher concentrations for C. rendalli com-
pared to O. mossambicus. However, both species 
exhibited concentrations exceeding the WHO 
(2005) and MOHSAC (2006) permissible limit of 
1 mg/kg and 2 mg/kg, respectively. The Cr con-
centrations reported in the current study corrobo-
rated those reported for L. rohita in the Buriganga 
River (Ahmed et al., 2016) and were significantly 
higher than those reported at the Karwan Ba-
zar (Ullah et al., 2017) and the Luvuvhu River 
(Mannzhi et al., 2021). In contrast, the current 
Cr concentrations were significantly lower than 
those reported by Addo-Bediako et al. (2014). 
Contrasting the Cr trend, Fe exhibited a concen-
tration within the permissible limit of 333.30 mg/
kg (JECFA, 2002) for both species. The observed 
Fe levels were significantly higher than those re-
ported for tilapia species at the Albasini Dam (Ni-
bamureke et al., 2016), Flag Boshielo (Lynch et 
al., 2016b), and the Luvuvhu River (Mannzhi et 
al., 2021), but relatively lower than those reported 
by Addo-Bediako et al. (2014). Manganese has 
also shown concentrations below the 3.52 mg/
kg permissible limit (IAEA, 2003) and exceeding 
the FAO (2003) limit of 2 mg/kg for both species. 
Manganese concentrations were comparable to 
those observed for Cyprinus carpio from the Ma-
singa Dam and Sarotherodon melanotheron from 
the Ogun River (Adegbola et al., 2021; Nzeve and 
Kitur, 2019). Contrastingly, Mn concentrations 
were notably lower than those reported for other 
freshwater fish (Mannzhi et al., 2021; Nibamu-
reke et al., 2016; Lynch et al., 2016b). 

Lead is a toxic metal that has been regarded 
as a cause for concern in most freshwater bod-
ies. In the present study, Pb exceeded the regula-
tory safe threshold of 0.2 mg/kg (FAO, 2003) and 
0.5 mg/kg (MHSAC, 2006) for fish consumption 
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for both tilapia species. However, Pb concentra-
tions were lower than those reported by other re-
lated studies (Jooste et al., 2015; Naangmenyele 
et al., 2021) for both species, and comparable 
to those observed by Hossain et al. (2023) and 
Kotacho et al. (2024). In contrast, the Pb con-
centration was higher than that observed by Yin 
et al. (2024) and Blankson et al. (2024) in the 
fish from contaminated water bodies. Selenium 
is known to have antagonistic interactions with 
most metals due to its role as an essential metal 
(Barone et al., 2021). In the present study, Se was 
within the MOHSAC (2006) limit of 1 mg/kg for 
both species. The Se concentration was compa-
rable to that observed by Misra et al. (2024) and 
lower than that reported by Li et al. (2024) in fish 
from polluted water bodies. Another metal that 
received less attention in aquatic environments 
is Sr, which is known for its close association 
with calcium. There is no permissible limit found 
in the literature for Sr due to its low toxicity in 
aquatic environments (McPherson et al., 2014). 
However, Sr concentrations observed in the pres-
ent study were higher than those observed by Ul-
lah et al. (2017) and Lebepe et al. (2020) in the 
muscle of fish from polluted water bodies.

The variability in metal bioaccumulation 
among both tilapia species reflects intrinsic phys-
iological differences and external environmental 
drivers. Organs such as muscle are not target sites 
for metals due to their distinct metabolic role in 
storage and biotransformation (Monferran et al., 
2016). However, elevated concentrations, which 
were generally similar, were observed for both 
species. According to Maurya and Malik (2018), 
species occupying the same trophic levels tend 
to accumulate the same metal concentrations. 
However, factors such as fish size and age may 
influence the accumulation. In addition, physico-
chemical parameters such as water temperature, 
salinity, and pH are possible drivers of metal ac-
cumulation in fish (Hossain et al., 2023). Metal 
pollution index in fish muscle was also higher 
than that observed in the water column and lower 
than that reported in the sediment. The trend sug-
gests that sediment will continue to be a threat to 
the edibility of fish at the Shongweni Dam. More-
over, the Shongweni Dam continues to receive 
effluents from wastewater works and agricultural 
runoffs, which enhance the influx of metals and 
have the potential to influence the pH and salin-
ity, which enhances metal toxicity. Therefore, the 
high metal concentrations in fish and sediment 

are becoming a cause for concern, particularly 
since the dam is used for artisanal fisheries.

Health risk assessment

The fish from contaminated water bodies tend 
to accumulate metals exceeding levels for human 
consumption. Non-carcinogenic risk assessment 
has been used as a tool to determine fish edibility 
and categorize groups susceptible to health impli-
cations. In the present study, Cr and Pb exhibited 
THQ > 1 for both species. Moreover, As showed 
a THQ > 0.5 whereas Sb exhibited THQ > 0.29. 
Although the THQs for As and Sb are < 1, these 
metals can still have health implications should 
the fish be consumed by a child or sensitive in-
dividuals. The THQ for Cr was also observed by 
Hao et al. (2024), Lebepe et al. (2024) and Hao 
et al. (2024). Moreover, Hlatshwayo et al. (2024) 
reported THQ > 1 for C. rendalli in the uMgeni 
River system impacted by metallurgic industrial 
activities. In contrast, Darko et al. (2016), Sara et 
al. (2017) and Huang et al. (2019) observed THQ 
< 1 for Cr in fish from wastewater effluent-con-
taminated water bodies.

The lead concentrations in fish have been a 
cause for concern in most countries. In South 
Africa, Hlatshwayo et al. (2024) reported the Pb 
THQ > 1 in the uMgeni River system receiving 
effluents from wastewater works and industrial 
areas, whereas Biswas et al. (2023) observed the 
THQ > 1 in the fish from a river impacted by 
industrial activities in Bangladesh. Moreover, 
Naz et al. (2025) reported Pb THQ > 1 in the fish 
from a river impacted by agricultural runoffs and 
wastewaters from industrial effluents in Pakistan. 
The concerning Pb THQs were also recorded in 
the fish from polluted water bodies in Morocco 
(Kotacho et al., 2024), Nigeria (Ezemonye et al., 
2019), Kenya (Esilaba et al., 2020), India (Ku-
mari and Kumar Maiti, 2019), Taiwan (Vu et al., 
2017) and China (Noman et al., 2022). However, 
Mehnaz et al. (2023), Berhanu et al. (2024) and 
Darko et al. (2016) exhibited the Pb THQ < 1 
in fish from a river contaminated by wastewater 
effluents. Moreover, Roy et al. (2021) reported 
Pb THQ < 1 for Oreochromis niloticus cultured 
in a wastewater treatment plant pond. It is evi-
dent that wastewater effluents are not entirely the 
primary contributor of Pb in most aquatic eco-
systems. However, metal content in wastewater 
effluents also depends on the land use and other 
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anthropogenic activities that release effluents into 
the wastewater plants.

Other metals, such as As and Sb, showed 
THQs < 1, suggesting the absence of health im-
plications. However, the assessment was made 
based on assumptions that a 150g portion is con-
sumed by a 70 kg adult. Therefore, THQs > 0.5 
could also be a cause for concern for children, or 
if the consumption rate increases. Arsenic THQs 
were comparable to those observed by Zhong et 
al. (2018) and Hao et al. (2024) on the fish from 
water bodies impacted by wastewater effluents 
and agricultural activities. Moreover, Mehnaz 
et al. (2023) reported concentration below the 
detection level in the fish from wastewater-pol-
luted water bodies. On the other hand, Islam et 
al. (2015b) reported THQ > 1 in the fish from an 
urban river receiving effluents from wastewater 
works. Moreover, Vu et al. (2017) observed THQ 
> 1 in the fish from a river receiving effluents from 
wastewater works and urban runoffs. Wastewater 
effluents seem to be one of the contributors of As 
in aquatic environments, and this is concerning 
for the rivers draining urbanized catchments and 
those serving as a repository for effluents from re-
mote wastewater works. 

Despite Cr and Pb being the only metals ex-
hibiting non-carcinogenic health risk, and As and 
Sb being on the verge of exceeding the threshold 
THQ value of 1, the carcinogenic risks exceeded 
the threshold of × 10-4 for As, Cd, Cr and Pb for 
both species. Most studies showed low non-car-
cinogenic risk and high carcinogenic risks in fish 
from wastewater-polluted water bodies (Mehnaz 
et al., 2023; Biswas et al., 2023). Although eating 
fish is regarded as beneficial for human health, C. 
rendalli and O. mossambicus from the Shongweni 
Dam seem to be unsafe for long-term consumption. 

CONCLUSIONS

The As, Cd, Cu, Mn, and Pb concentrations 
in sediment exceeded the guidelines for aquat-
ic ecosystems. Moreover, metal concentration 
in sediment was extremely high, such that the 
risk index was > 1000, with dry season being > 
7000. Cu, Mn, and Pb were the metals of con-
cern, whereas Sb, As, and Fe were on the verge 
of becoming hazardous in sediment. Moreover, 
the ecological risk of metal contamination is rela-
tively high during dry seasons, possibly due to re-
duced hydrologic regime. Similarly, fish showed 

increased metal concentrations, with Cr, Mn, and 
Pb exceeding the permissible limit for human 
consumption. Moreover, the non-carcinogenic 
risks were > 1 for Cr and Pb, with the THQ of Cr 
being relatively higher for C. rendalli compared 
to O. mossambicus. As and Sb were on the verge 
of exceeding the threshold of 1, with C. rendalli 
exhibiting a relatively higher THQ compared to 
O. mossambicus. However, the carcinogenic risks 
for As, Cd, Cr, and Pb exceeded the threshold of 
× 10-4 for both species. It is recommended that fu-
ture studies look at the dynamics governing metal 
transfer between sediment and the water, and 
the seasonality of the transfers to allow a com-
prehensive prediction of the fate of these metals 
under different conditions, and fish as potential 
destination.
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